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Stable hydrocarbon surface species in the carbon dioxide hydrogenation reaction on Ir(111) were 
identified by means of infrared-visible sum-frequency generation vibrational spectroscopy and 
X-ray photoelectron spectroscopy at near-ambient pressure conditions (0.1 mbar). Introducing 
gas phase binary and ternary mixtures of CO2, CO, and H2 into the reaction chamber, stable 
ethylidyne and ethynyl species were found at the metal surface above 425 K, in remarkable 
analogy with what observed during the ethylene decomposition process yielding graphene. In 
addition, for increasing temperature (up to 600 K depending on the reaction conditions), 
vibrational and electronic spectroscopic fingerprints appeared that could be attributed to the 
nucleation of aromatic hydrocarbons at the edge of metastable graphenic clusters interacting with 
the metal surface. 
1 Introduction 
The catalytic reduction of carbon dioxide to generate useful chemicals like e.g. methanol, urea, 
formic acid, and dimethylcarbonate is a possible route to handle and recycle at least a part of this 
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waste gas, in order to deal with greenhouse emissions produced by the massive use of fossil 
fuels.1–4 Many approaches are investigated, involving both homo- and hetero-geneous catalytic 
environments, electro-catalytic systems, and solar energy harvesting devices, with a particular 
effort in the quest for catalysts able to mimic the photosynthetic organic synthesis processes 
driven in nature by visible light.2,5 In particular, Ir has recently been considered for the catalytic 
hydrogenation of carbon dioxide in pincer complexes in aqueous solutions, yielding 
unprecedented turnover numbers towards the synthesis of formic acid via a formate surface 
species.3 Moving to model systems and to atomic-level insight, the Ir(111) termination has been 
largely investigated in Ultra-High Vacuum (UHV) due to its catalytic activity towards the 
sequential dehydrogenation of hydrocarbons, with particular focus on acetylene and ethylene.6–9 
A progressive carbon networking process occurs, yielding the formation of a well-ordered, 
almost perfect and free-standing graphene sheet.10–12 Stable surface species in the hydrocarbon 
dehydrogenation process have been identified with both vibrational and electronic spectroscopies 
under UHV conditions, depending on the reaction temperature. In particular, for increasing 
temperature, ethylidene (CHCH3), ethylidyne (CCH3), and ethynyl (CCH) species have been 
observed, the latter being stable up to the complete dehydrogenation of the surface, occurring 
above 700 K.6–9 Analogously, formate, methoxy, and acetate stable surface species are detected 
upon ethanol and methanol thermal decomposition.13,14 In this framework, however, insight at 
reaction conditions closer to ambient pressure is still lacking due to the well-known instrumental 
pressure gap. In addition, almost no information is available about the interaction of carbon 
dioxide with Ir due to the low molecule-Ir interaction energy,4 at variance with other metals like 
Ni that can activate CO2 through a consistent charge transfer.
15,16 Recent studies on the Ni(110) 
surface under near-ambient pressure (NAP) reaction conditions have unveiled important 
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mechanisms involved in the carbon dioxide reduction process, yielding insight into the role of 
the surface oxidation state and of graphene and carbide domains.17 When reacting with 
hydrogen, CO2 is found to convert to a stable bi-dentate formate species,
4,18 while other more 
energetically convenient pathways involve an unstable hydrocarboxyl intermediate.19 To our 
knowledge, there is no analogous data available about the carbon dioxide activation and 
reduction process on iridium surfaces, aiming at identifying stable intermediates and possible 
reaction pathways, either under UHV or at pressures closer to applicative conditions.4 On the 
(110) termination of iridium, CO2 is indeed only weekly bound in a physisorbed state in UHV 
and readily desorbs when produced by the reaction of carbon monoxide with pre-adsorbed 
oxygen.4,20 Motivated by the above considerations, we present here the results obtained at 10-1 
mbar by coupling Near-Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS) with 
the powerful approach of Infrared-Visible Sum-Frequency Generation (IR-Vis SFG) vibrational 
spectroscopy. The latter technique is indeed intrinsically sensitive to interfaces and allows 
bridging the pressure gap issues, thus providing insight into the catalyst’s surface during the 
reaction with the gas phase.21,22 Data were collected with the aim of investigating the interaction 
of carbon monoxide, carbon dioxide, and hydrogen with the Ir(111) single crystal termination as 
a function of temperature in situ and in operando conditions. Repeated measurements were 
performed, starting each time from a clean Ir surface, in order to ensure reproducibility. Thanks 
to a comparison of the spectroscopic results with previous literature data, we are able to identify 
stable hydrocarbon species, remarkably including the ethylidene and ethynyl molecules also 
present during the acetylene and ethylene dehydrogenation processes. 
 
2 Methods 
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2.1 SFG Experiments. 
A novel experimental setup to study catalytically active heterogeneous phases in situ and in 
operando, exploiting IR-Vis SFG,23 has been commissioned at the Physics Department of the 
University of Trieste. An UHV preparation chamber (base pressure 5×10-11 mbar) equipped with 
standard sample preparation and characterization instruments (sample fast entry-lock, ion gun, 
LEED optics, gas line, evaporator, and quartz micro-balance for the deposition of molecules, 
metallic clusters, and thin film growth) is directly connected to a high-pressure cell, where the 
sample can be transferred without breaking the vacuum. The sample is held by Ta wires and can 
be resistively heated up to 1300 K in vacuum and up to 800 K in the reactor (K-type 
thermocouple). The reactor is equipped with a gas handling system in order to control the 
pressure of the reactants within the 10-10-10+3 mbar range. The inlet of the infrared and visible 
beams, as well as the outlet of the SFG signal, is provided by UHV-compatible BaF2 windows. 
The excitation source of the SFG spectrometer (EKSPLA PL2231) consists in a Nd:YAG, diode 
pumped picosecond IR laser (λ = 1064 nm, Emax/pulse = 25 mJ, repetition rate 50 Hz, pulse 
duration ~30 ps). The radiation enters a harmonics unit where two visible beams (532 nm) are 
generated (EKSPLA H500 SFG) by means of non-linear crystals (KD2PO4). One of the two 
beams is then mixed with the remaining fraction of the original IR beam in the parametric 
generator and difference frequency generator unit (EKSPLA PG501/DFG1P, BBO and AgGaS2 
crystals) to yield the tunable IR radiation in the 1000-4500 cm-1 range with a spectral width 
better than 6 cm-1. The whole tunable IR laser beam path length is pressurized with N2 in order to 
avoid air absorption. The second visible (532 nm) beam is instead directly delivered to the 
sample surface. The maximum achievable power at the sample is about 30 and 7 MW for the 
visible and IR beams (pulse energies of about 1 mJ and 200 µJ, respectively). Both incident 
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beams are linearly polarized (s or p) with 100:1 purity. Moreover, the polarization of the SFG 
beam can be selected before entering the monochromator (MS2001) and photomultiplier tube 
(Hamamatsu R7899) detection system. Both data acquisition and instrument control are 
performed remotely via software interfaces mainly developed in house. In the present study all 
spectra were collected in the p-p-p polarization configuration (SFG-visible-infrared), at 
incidence angles of 55° (IR) and 60° (Vis) from the normal to the surface. The dependence of the 
SFG signal on the azimuthal angle of the Ir(111) surface was not investigated.  
The sample was an 8 mm diameter Ir disc (MaTecK GmbH) of 99.99% purity, with <0.1° 
orientation accuracy and <0.03 µm roughness. For each experiment, the Ir(111) surface was 
cleaned by standard cycles of Ar+ sputtering and annealing in UHV, alternated to oxidation 
cycles (p = 10-7 mbar) to remove residual carbon. Surface order was finally checked by LEED, 
yielding a sharp (1×1) pattern with extremely low background. SFG spectra acquisition time was 
about 5 min for the C-O and about 45 min for the C-H stretching regions. High-purity reaction 
gases (3.0 CO, 4.8 CO2, 5.5 H2) where injected into the measurement cell through leak valves 
from aluminum bottles. The background residual pressure was in the low 10-10 mbar range. 
2.2 Analysis and interpretation of SFG data. 
After normalization to the impinging visible and IR intensities, and to the non-resonant 
background in order to account for sample alignment issues, SFG spectra were analyzed by least-
square fitting methods according to the following widely used parametric, effective expression of 
the non-linear second order susceptibility,24–27 explicitly accounting for the IR resonances of the 
IR-Vis transitions and for the non-resonant background: 
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In this expression ANRes and Ak are therefore real positive numbers and account for the 
amplitudes of the non-resonant and kth-resonant contributions, respectively, ∆ϕk=ϕk-ϕNR is the 
phase difference between the kth-resonance and the non-resonant background, ωk is the energy of 
the kth-resonance, and Γk its Lorentzian broadening related to the resonance lifetime. In order to 
account for inhomogeneity broadening, in specific cases the resonant part of the lineshape was 
convoluted with a Gaussian envelope.28–30 According to previous literature, the Gaussian 
contribution to the lineshape is easily resolved only if it is comparable with the Lorentzian width. 
In the specific cases where the latter is predominant, the inhomogeneity contribution is hardly 
obtained from the fitting procedure and can be neglected to a good approximation.29 A very 
detailed and careful analysis of the complex IR-Vis spectra in the C-H region was performed in 
order to obtain a reliable separation of the different contributions originating from adsorbed 
species. This was achieved by identifying a unique set of lineshape parameters that allowed 
optimal fitting of the whole data set. For each SFG spectrum throughout the manuscript we plot 
the normalized SFG intensity (dots) together with the corresponding best fit (grey lines) 
according to the above intensity function (Eq. 1), and with the corresponding intensity 
deconvolution (colors) accounting for the interference of each of the resonances with the non-
resonant background. A very detailed description of the SFG data analysis and of the plotted 
quantities can be found in the Supplementary Information, together with a complete set of best 
fitting parameters of the full SFG data set. 
Page 7 of 75 Physical Chemistry Chemical Physics
 7
2.3 NAP-XPS Experiments. 
NAP (mbar range) XPS measurements were carried out at the ISISS end-station of the Bessy 
synchrotron radiation facility at the Helmholtz Zentrum Berlin (Germany).31 The same Ir(111) 
single crystal used in the SFG experiments was mounted on a sapphire holder by means of Ta 
supports and screws. Temperature was measured with a K-type thermocouple, and the sample 
was heated by laser irradiation of its unpolished back face. After each reactivity experiment, the 
Ir(111) surface was cleaned by standard cycles of ion sputtering (2.5 keV, Ar+) and annealing in 
high vacuum to 750°C, the highest attainable temperature on the sample holder. Absence of 
contaminants was verified by measuring both selected XPS regions (e.g. C 1s, O 1s) and 
overview spectra. The flux and pressure of the gases introduced into the reaction cell were 
handled by means of mass-flow controllers and a motorized valve. The effective partial pressure 
of the reactants in the measurement chamber may have differed with respect to the nominal 
values due to the different pumping speeds of different molecules. The ratios we report are 
therefore target set point values only. Gas purity (always better than 3.0) was checked and 
monitored using a quadrupole mass spectrometer. The residual background pressure in the 
measurement chamber was in the 10-7 mbar range. Adsorption of the single reactants on the clean 
Ir(111) surface was performed to exclude effects due to residual contaminants. Absence of the 
latter was confirmed by means of XPS. NAP-XPS spectra were collected in normal emission 
geometry and binding energies were calibrated with respect to the Fermi level for each oxygen 
(hν = 650 eV) and carbon (hν = 400 eV) core level spectrum, yielding an accuracy in the 
determination of the binding energy values of ±0.1 eV. After normalization and subtraction of a 
Shirley background,32 spectra were analyzed by least-square fitting of the data with Doniach-
Šunjić profiles,33 convoluted with a Gaussian envelope to account for experimental resolution, 
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inhomogeneity and thermal broadening. A very detailed and careful analysis of the C and O 1s 
core level spectra was performed in order to disentangle the contributions originating from 
different species. This was achieved by identifying a single set of lineshape parameters that 
allowed optimal fitting of all the C or O 1s spectra. Within this set, in order to reduce the number 
of degrees of freedom, identical lineshapes were used for groups of similar species. In particular, 
C 1s spectra were fitted with distinct lineshapes for CO, and for C-C and C-H species. The 
resulting binding energy values were assigned on the basis of literature data as reported in the 
text. 
3 Results and discussion 
3.1 CO2 and CO adsorption. 
In order to identify the spectroscopic features related to carbon dioxide adsorption and 
dissociation, the Ir(111) surface was exposed to 10-1 mbar CO2. In Figure 1 (left panel), IR-Vis 
SFG spectra of the C-O stretching region collected at selected temperature values are shown. 
Two distinct features are clearly visible, shifting with temperature from 2080 to 2060 cm-1 and 
from 2070 to 2050 cm-1. The data fitting procedure yields constant phases relative to the non-
resonant background of 32° and 37°, respectively. At the highest investigated temperature (575 
K), only one feature is present at low energy (2024 cm-1). Details about the SFG fitting 
parameters of the whole data set can be found in the Supplementary Information (Tables S1-3). 
In Figure 1 (right panel) we report for comparison also the data obtained upon exposure of the 
surface to CO under the same experimental conditions. Only one feature is visible in the IR-Vis 
SFG spectra, shifting progressively for increasing temperature from 2079 to 2063 cm-1 and with 
the same lineshape of the corresponding peak (light green) in the carbon dioxide experiment. The 
Gaussian broadening is larger with respect to the CO2 case, reaching values up to 7.7 cm
-1. As 
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for CO2, also in this case a single, broader feature is found at 575 K, at slightly lower energy 
(2016 cm-1). We remind that due to the physical origin of the SFG signal, intensities are not 
necessarily related to surface concentration of the adspecies. Therefore, no conclusions about the 
surface coverage can be drawn. 
 On the basis of literature data, it is known that CO adsorption on Ir(111) is non-
dissociative at room temperature, yielding a saturation coverage of 0.7 ML (monolayer) with CO 
molecules adsorbed at on-top Ir sites in a (3√3×3√3)R30°-19CO structure. The geometric 
arrangement of the adsorbed CO molecules is best described within the framework of a Frenkel-
Kontorova model, yielding a progressive deviation of the C-O molecular axis from the surface 
normal with the distance from the center of the CO islands.34,35 For instance, this nicely accounts 
for the inhomogeneous broadening observed in our IR-Vis SFG spectra. We further confirm this 
picture by means of NAP-XPS O and C 1s core level spectra collected at 375 K (Figure 2, top 
panels): apart from small amounts of carbon phases (284 eV) and atomic oxygen (529.9 eV) 
most likely due to dissociation at surface defects, a single CO species can be observed, yielding 
spectroscopic peaks at 532.0 and 286.1 eV for the O and C 1s core levels, respectively, 
corresponding to on-top adsorption, in agreement with the literature.34 
In the case of dissociative adsorption of CO2, the core level binding energies associated 
to CO (Figure 2, bottom panel) show a consistent shift to 530.9 eV (O 1s) and 286.9 eV (C 1s), 
while an intense feature associated to atomic oxygen appears (529.6 eV, cyan). Complete 
dissociation is possible, evident from the accumulation of carbon (283.9 eV, red). The reaction 
CO2→CO+O→C+2O is in agreement with the literature, since carbon monoxide decomposition 
on Ir(111) is promoted by co-adsorbed oxygen.36 Above 600 K (not shown), the Ir surface 
remains oxygen-covered since CO desorbs, while carbon is oxidized and therefore removed. 
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Only a single sharp peak remains visible at 529.9 eV and no feature is detected in the C 1s 
region. In the vibrational spectra, besides the main C-O stretching peak, a low energy shoulder 
appears (Figure 1, left panel, dark green). We therefore ascribe the two contributions to CO in 
on-top configuration (2080-2060 cm-1) and to CO in a modified terminal Ir site close to adsorbed 
atomic oxygen (2070-2050 cm-1), respectively.35 
 
3.2 CO2 reduction. 
The Ir(111) sample was exposed to different reactants mixtures to investigate both the carbon 
dioxide hydrogenation process and the role of carbon monoxide at a total pressure of 10-1 mbar. 
In Figure 3, IR-Vis SFG spectra in the C-O stretching region are reported for selected relative 
concentrations of the reactants, going from a pure CO/H2 (left) to a pure CO2/H2 (right) 
environment. The spectra reveal the presence of CO adsorbed in on-top configuration, with a 
desorption temperature that is progressively decreasing when raising the CO2 partial pressure. 
For a pure CO/H2 mixture a single feature dominates (light green, left), while a lower energy 
shoulder (dark green) appears at high temperature in analogy to the pure CO2 case. When adding 
CO2, instead, the peak at low energy is already present at room temperature, indicating an 
influence of co-adsorbates on adsorbed CO. 
Moving to the C-H stretching modes (Figure 4), an interesting set of vibrational features 
appears, indicating the presence of stable adsorbed hydrocarbon species. For the sake of 
completeness, a broader range of CO2/CO/H2 concentration ratios has been investigated (not 
shown), providing no significant additional insight. The full set of IR-Vis SFG data in the C-H 
stretching region and the details about the fitting parameters are reported in the Supplementary 
Information. The data shown in the figure immediately indicate that, when carbon monoxide is 
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present in the gas mixture of the reactants, hydrocarbon surface species develop at higher 
temperature. At the lowest investigated H2/CO2 ratio (H2/CO2 = 3, not shown), C-H bonds can be 
detected already at 425 K. Deeper insight can be obtained by least-square fitting of the data, as 
discussed in the following. Starting from the low energy side of the spectra, a feature with very 
low intensity (yellow) can be identified at 2845 cm-1 with a phase of 185°. A more intense peak 
(dark red) is present at 2904 cm-1 (phase -20°/+15°), showing a precise trend as a function of 
temperature and carbon dioxide concentration: its intensity is indeed higher at low temperature 
and for high carbon dioxide partial pressures. A very intense and broad feature develops at 2976 
cm-1 (light red, phase 265°) and other three peaks (different blue grades) appear at 3000, 3035, 
and 3078 cm-1 (phases 240°, 68°, and 107°, respectively). We observe that at first glance a single 
resonance in phase-quadrature with respect to the non-resonant background, i.e. with a dispersive 
Fano-like lineshape, may already correctly reproduce the experimental data, instead of the two 
peaks at 3000 and 3035 cm-1 (cyan and light blue in Figure 4), in analogy to the case of the 
feature at 2904 cm-1 (dark red). However, this is not adequate, yielding only poor chi-values and 
structured residuals in the least-square fitting analysis. A thorough discussion of this issue is 
presented in the Supplementary Information. At variance with the C-O modes, we do not observe 
a significant shift of the resonances as a function of the surface temperature. Interestingly, the 
intensity of the feature at 3078 cm-1 grows with temperature at the expense of the intensity of the 
peak at 3035 cm-1. 
NAP-XPS core level spectra collected under the same reaction conditions in the O 1s 
region (not shown) reveal only the presence of adsorbed carbon monoxide, depending on the 
reaction temperature, while other oxygen-containing species, including atomic oxygen, if 
present, are below the detection limit. Instead, several spectral contributions appear in the C 1s 
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region (Figure 5). In addition to the peak assigned to carbon monoxide (286.1 eV, green), other 
peaks appear at lower binding energy, specifically at 283.0, 283.4, 283.9, 284.3, and 284.7 eV. 
Interestingly and in agreement with what observed with IR-Vis SFG, there is a site competition 
effect, so that the higher the CO coverage (bottom left part of the graph), the lower the intensities 
of these contributions, apart from the spectrum at 600 K in pure CO2/H2 (top right) where almost 
no carbon signal is present. 
3.3 Identification of stable surface species. 
For clarity, the energy positions of the resolved spectroscopic features are reported in Tables 1 
and 2 for the vibrational and electronic probes, respectively, together with reference literature 
data supporting the assignments discussed in the following. The identification of carbon 
monoxide, originated by both adsorption from the gas phase and/or from the dissociation of 
carbon dioxide, depending on the reaction conditions, is straightforward when comparing 
vibrational (peaks at 2013-2083 cm-1) and electronic (peak at 286.1 eV) spectroscopy data with 
previous literature (Tables 1 and 2, respectively) and with our benchmark experiments (Figures 1 
and 2). 
Instead, much more effort is needed to interpret and assign the remaining spectroscopic 
fingerprints. We start from the vibrational features at 2904 and 2976 cm-1 (red peaks in Figure 4). 
On the basis of previous literature data on palladium,37 iridium,7 and platinum surfaces,38,39 the 
two resonances may be associated with the symmetric and asymmetric stretching modes of the 
methyl groups of ethylidyne (CCH3). Indeed, also in the XPS C 1s core level spectra the triplet at 
283.4, 283.9, and 284.3 eV (Figure 5, red-yellow) well compares with literature data of 
ethylidyne on Ir(111) obtained from the thermal decomposition of ethylene.9 The former two 
peaks are attributed to the two non-equivalent carbon atoms of the molecule, which is bonded to 
Page 13 of 75 Physical Chemistry Chemical Physics
 13
the surface in upright position through the dehydrogenated termination, while the latter C 1s 
peak is ascribed to the vibrational excitation of the methyl group. To obtain an independent proof 
of this interpretation, we studied by means of IR-Vis SFG spectroscopy the ethylene dissociation 
process. In UHV and at temperatures between 300 and 450 K, only two features are clearly 
visible in the C-H stretching region at 2880 and 2975 cm-1, where, as known from the literature,9 
only ethylidyne is present as a product of the stepwise decomposition of ethylene into ethylidene, 
ethylidyne, and finally ethynyl species. This further supports our interpretation. By directly 
comparing the CO2+CO+H2 reaction data with the ethylene decomposition experiments on 
Ir(111) and on the basis of SFG and Fourier Transform Infra-Red (FTIR) measurements on a 
Pt(111) surface,40,41 the small peak that we observe at 2845 cm-1 (Figure 4, yellow) may be 
ascribed to the asymmetric CH3 bend in Fermi resonance with the symmetric C-H stretch.
41 We 
also observe that if the C-CH3 bond were perpendicular to the surface, the asymmetric stretch 
mode would not be visible. This accounts for the poor intensity observed in the spectra obtained 
upon decomposition of the ethylene layer at variance with the case of the CO2+CO+H2 reaction. 
The intense contribution of this mode to the IR-Vis SFG spectra of the reaction is therefore 
associated with a deviation of the molecular axis from the upright position due to co-adsorption 
effects. An alternative, but less supported interpretation of the SFG peak at 2845 cm-1 is to assign 
it to other unsaturated carbon species, namely CHx, in association with the spectroscopic feature 
at 283.0 eV in the C 1s spectra.13 
 Upon annealing of an ethylidyne layer on Ir(111) above 400 K, dehydrogenation occurs, 
yielding formation of two non-equivalent ethynyl (CCH) species contributing at 3002 and 3023 
cm-1 in the vibrational spectra and showing peaks at 283.25 and 283.56 eV in the C 1s core level 
spectra.9 We therefore attribute to these species the peaks showing up in the reduction 
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experiments at 3000 and 3035 cm-1 (Figure 4, light and intermediate blue). This agrees with the 
necessity of introducing into the fit procedure two resonances with almost opposite phase, rather 
than a single dispersive resonance. The phase difference suggests two distinct non-equivalent 
adsorption geometries for the molecule. Concerning the XPS spectra instead (Figure 5), ethynyl 
is expected to contribute to the peak at 283.4 eV and is therefore not distinctly resolved in this 
case. 
Finally, with increasing temperature and carbon dioxide concentration (Figure 4, dark 
blue), a broad feature appears as a depression at 3078 cm-1 and is associated with the 
contribution at 284.7 eV (Figure 5, dark blue) in the C 1s core level spectra. While the latter is 
ascribed to the nucleation of carbide and graphene clusters strongly interacting with the metal 
surface,12,42 the vibrational feature, typical of a C-H stretching mode, appears at an energy that is 
characteristic of aromatic hydrocarbon species.43 This is compatible with the progressive 
formation of carbon links, i.e. the initial step of a graphene networking process assisted by 
hydrogen at the periphery of the nucleation islands in agreement with the literature.44 Further 
dehydrogenation would therefore yield to the formation of graphenic domes and nucleation 
islands.12 However, for the highest studied temperature (600 K) and in absence of carbon 
monoxide, the high partial pressure of hydrogen in the reaction environment leads to the almost 
complete reduction and removal of surface carbon (upper right spectrum in Figure 5). 
The above findings put in light two significant results. It is indeed observed that stable 
ethylidyne species can be obtained by a catalytic hydrogenation process at the Ir surface, thus 
obtaining the same precursor to graphene growth that is generally formed upon thermal 
decomposition of ethylene adsorbed from the gas phase under UHV conditions. Secondly, the 
consequent growth of graphene is found to occur via a carbon networking process related with a 
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progressive formation and dehydrogenation of aromatic species, possibly at the border of the 
graphene domes. Our work represents therefore a possible spectroscopic evidence and 
confirmation for what was very recently observed by means of microscopy experiments on both 
Ir and Ni single crystal surfaces when growing graphene from thermal decomposition of 
hydrocarbons.44,45 An important role in the whole reaction mechanism is most likely played by 
surface and/or subsurface atomic hydrogen species,46 obtained upon dissociation of gas phase 
molecular hydrogen from the reactants’ background. Our methods did not allow the detection of 
these species, but, on the basis of literature data obtained under UHV conditions,47 it is known 
that atomic hydrogen is still present on the surface up to 450 K on Ir(111). By means of a cartoon 
representation, we summarize for the sake of clarity in Figure 6 the adsorbed chemical species 
that we were able to identify at the Ir(111) surface. 
 
 
 
4 Conclusions 
In conclusion, stable hydrocarbon surface species in the carbon dioxide hydrogenation 
reaction on Ir(111) were identified by means of infrared-visible sum-frequency generation 
vibrational spectroscopy and X-ray photoelectron spectroscopy at near-ambient pressure 
conditions. Ethylidyne and ethynyl species were found at the metal surface above 425 K, in 
interesting analogy with the ethylene decomposition process yielding graphene. In addition, for 
increasing temperature (up to 600 K depending on the reaction conditions), vibrational and 
electronic spectroscopic fingerprints appeared that could be attributed to the nucleation of 
aromatic hydrocarbons at the periphery of graphenic metastable clusters interacting with the 
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surface. This provides insight into the graphene growth process that takes place by the 
progressive extension of graphene islands by means of intermediate aromatic terminations at low 
temperature. 
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Figures and Tables Captions 
Table 1 Energies (cm-1) of the observed vibrational modes, comparison with the literature, and 
proposed identification of the stable species. 
Table 2 C 1s core level binding energies (eV), comparison with the literature, and proposed 
identification of the stable species. 
Fig. 1 IR-Vis SFG spectra of Ir(111) in the C-O stretching region collected in situ upon exposure 
of the clean surface to 10-1 mbar CO (right panel) and CO2 (left panel) at selected temperature 
steps, increasing bottom to top; data (black dots) and the results of the least square fitting (grey 
curves) are shown; color-filled curves represent deconvoluted intensity modulations with respect 
to the non-resonant background. [λVis = 532 nm; p-p-p polarization] 
Fig. 2 NAP-XPS O (left) and C 1s (right) core level spectra of Ir(111) collected in situ upon 
exposure of the clean surface to 10-1 mbar CO (upper panels) and CO2 (bottom panels) at 375 K. 
The deconvolution (color) of the data (black dots) obtained by means of least square fitting (grey 
curves) is also shown. [hν = 650 (400) eV for oxygen (carbon)] 
Fig. 3 IR-Vis SFG spectra of Ir(111) in the C-O stretching region collected in situ and in 
operando during the hydrogen reduction of CO (left panel), CO2 (right panel), and of a mixture 
of the two (central panel) at a total pressure of 10-1 mbar and for progressively increasing 
temperature (bottom to top); data (black dots) and the results of the least square fitting (grey 
curves) are shown; color-filled curves represent deconvoluted intensity modulations with respect 
to the non-resonant background. [λVis = 532 nm; p-p-p polarization] 
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Fig. 4 IR-Vis SFG spectra of Ir(111) in the C-H stretching region collected in situ and in 
operando during the hydrogen reduction of CO (left panel), CO2 (right panel), and of a mixture 
of the two (central panel) at a total pressure of 10-1 mbar and for progressively increasing 
temperature (from bottom to top); data (black dots) and the results of the least square fitting 
(grey curves) are shown; color-filled curves represent deconvoluted intensity modulations with 
respect to the non-resonant background. [λVis = 532 nm; p-p-p polarization] 
Fig. 5 NAP-XPS C 1s core level spectra of Ir(111) during the hydrogen reduction of CO (left 
panel), CO2 (right panel), and of a mixture of the two (central panel) at a total pressure of 10
-1 
mbar and for progressively increasing temperature (from bottom to top). The deconvolution 
(color) of the data (black dots) obtained by means of least square fitting (grey curves) is also 
shown. [hν =400 eV] 
Fig. 6 Cartoon summary of the stable adsorbed species identified at the Ir(111) surface upon 
hydrogenation of CO and CO2 at NAP conditions.  
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Table 1. 
This work Mode Species Reference 
2013-2083 C-O stretch CO (on-top) 2030-209035 Ir 
2845 Fermi res. Ethylidyne (CCH3) 2795,2857
40,41 Pt 
2904 
CH3 symm. 
stretch 
Ethylidyne (CCH3) 
2870-289037,38 
2880* 
Pd,Pt 
Ir 
2976 
CH3 asymm. 
stretch 
Ethylidyne (CCH3) 
2940-29607,39 
2975* 
Ir,Pt 
3000,3035 CH stretch Ethynyl (CCH) 
3010-30407,39,48 
3002,3023* 
Ir,Pt 
3078 CH stretch 
Aromatic 
hydrocarbon 
305743 Ir 
*
This work, from ethylene dissociation: see Supplementary Information for 
details 
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Table2. 
This work Species Reference 
283.0 Methylidyne (CH) 283.213 
283.4 Ethylidyne (CCH3) 283.53
9 
 Ethynyl (CCH) 283.25-283.569 
283.9 Ethylidyne (CCH3) 283.93
9 
 Surface carbon 283.779 
284.3 Ethylidyne (CCH3) – vib. exc. 284.32
9 
284.7 Graphene interacting with Ir 284.642 
 
C atoms at the periphery of 
graphenic clusters 
284.912 
286.1 CO 286.2-286.314,34 
All literature data refer to the Ir(111) surface 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
  
Page 27 of 75 Physical Chemistry Chemical Physics
 27
Figure 5. 
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Figure 6. 
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Discussion of the SFG data fitting procedure 
In order to guide the discussion, a selected example is reported in Figure S1 (panel a), 
where the normalized SFG intensity in the C-O stretching region obtained upon exposure of the 
Ir(111) surface to 10-1 mbar CO2 is reported. At this point, we thoroughly discuss different 
possible approaches to the visualization of the data fitting results. Going into further detail, the 
expression for the second-order susceptibility 𝜒(2) = 𝜒𝑁𝑅𝑒𝑠
(2) + 𝜒𝑅𝑒𝑠
(2)  in Eq. 1 (main paper) can be 
conveniently rewritten in order to highlight specific quantities of physical and chemical interest. 
Indeed, the real and imaginary components of the refraction index describe the scattering and 
absorption properties of a system, respectively, and can be readily obtained for the resonant part: 
𝜒𝑅𝑒𝑠
(2) (𝜔𝐼𝑅) = 𝑅𝑒 [∑
𝐴𝑘𝑒
𝑖𝜑𝑘
𝜔𝐼𝑅−𝜔𝑘+𝑖Γ𝑘
𝑘 ] + 𝑖 𝐼𝑚 [∑
𝐴𝑘𝑒
𝑖𝜑𝑘
𝜔𝐼𝑅−𝜔𝑘+𝑖Γ𝑘
𝑘 ] (Eq. S1) 
and separately represented in an amplitude (not intensity) plot (Figure S1, panel b). 
Alternatively, the real (Figure S1, panel c) and imaginary (panel d) amplitudes can be displayed 
for each kth resonance separately 
𝜒𝑅𝑒𝑠,𝑘
(2) (𝜔𝐼𝑅) = 𝑅𝑒[𝜒𝑅𝑒𝑠,𝑘
(2)
] + 𝑖 𝐼𝑚[𝜒𝑅𝑒𝑠,𝑘
(2)
] = 𝑅𝑒 [
𝐴𝑘𝑒
𝑖𝜑𝑘
𝜔𝐼𝑅−𝜔𝑘+𝑖Γ𝑘
] + 𝑖 𝐼𝑚 [
𝐴𝑘𝑒
𝑖𝜑𝑘
𝜔𝐼𝑅−𝜔𝑘+𝑖Γ𝑘
] (Eq. S2) 
thus representing the individual contributions to the resonant amplitudes. The above plotting 
choices yield alternative visualization possibilities of the information determined with the data 
least-square fitting procedure and allow speculating about the signal amplitudes.1 It is indeed 
known that if N resonances are present in an SFG spectrum, up to 2N equivalent sets of 
parameters can be obtained upon data fitting according to Eq. 1.2,3 This occurs since we actually 
measure intensities and not amplitudes. In order to unequivocally determine the real and 
imaginary components of the resonant susceptibility, phase-sensitive SFG spectroscopy should 
be exploited.3 Since this is not our case, we here propose and adopt throughout the manuscript a 
plot of the deconvoluted intensities (not amplitudes) contributing to the effective SFG signal 
(Figure S1, panel e), thereby avoiding to speculate about amplitudes, but providing visual 
information about the contribution of each resonance to the overall intensity. For each kth 
component we therefore display, coherently with the experimental and best fit SFG intensity 
curves, the following function 
𝐼𝑆𝐹𝐺,𝑘(𝜔𝐼𝑅) ~ |𝐴𝑁𝑅𝑒𝑠 +
𝐴𝑘𝑒
𝑖∆𝜑𝑘
𝜔𝐼𝑅−𝜔𝑘+𝑖Γ𝑘
|
2
 (Eq. S3) 
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This intensity expression accounts for the interference of each of the resonances with the 
non-resonant background, while interference among different resonances is not represented. The 
latter, indeed, is already visualized in the fitting curves according to Eq. 1. With reference to 
Figure S1, panel (e), the intensity curves are color-filled with respect to the non-resonant 
background, represented by the horizontal dashed line. The vertical dashed lines show the actual 
positions of the resonances (1 = 2071 cm-1; 2 =2080 cm-1) as from the data fitting procedure. 
 
Figure S1. Analysis and interpretation of SFG data: (a) SFG intensity spectrum in the C-
O stretching region upon exposure of Ir(111) to CO2 (dots) and best-fit (grey line) with the 
function of Eq. 1; as obtained from the least-square fit of the data, (b) shows the amplitude of the 
real and imaginary parts of the resonant susceptibility (Eq. S1), (c) shows the amplitude of the 
real part of the resonant susceptibility for each resonance (Eq. S2), (d) shows the amplitude of 
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the imaginary part of the resonant susceptibility for each resonance (Eq. S2), (e) shows the 
intensity for each resonance (Eq. S3), color-filled with respect to the non-resonant background 
(horizontal dashed line); vertical dashed lines show the position of the resonances 1 and 2 as 
from the data fitting procedure; amplitude and intensity values (y axis) are in arbitrary units. 
We reserve a dedicated discussion to the SFG data fitting procedure adopted for the C-H 
stretching region, where several features were observed and could be resolved after a careful 
analysis. In particular, the features at 3000  9 and 3035  6 cm-1 (cyan and light blue in Figures 
S2 and S3) may be attributed at first glance to a single vibrational mode with a dispersive 
lineshape, in analogy to the peak at 2904  3 cm-1 (dark red curve in Figure S2), i.e. in phase 
quadrature with respect to the non-resonant background. 
Figure S2. Deconvolution of the C-H stretching region: selected example. The arrow indicates 
an evident “knee” in the spectrum requiring two distinct peaks to reproduce the data, instead of a 
single dispersive lineshape. Vertical dashed lines indicate the line-positions. 
 However, the presence of an evident “knee” in the spectrum (arrow in Figure S2) 
indicates that two distinct peaks are needed to properly describe the data in that energy region. 
Indeed, a single dispersive lineshape yields a structured residual and a high chi-value in the least-
square fitting analysis. Only with the introduction of two peaks with almost opposite phase the 
experimental data could be properly reproduced. 
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Full IR-Vis SFG data set in the C-H stretching region for the carbon dioxide reduction 
reaction. 
 
Figure S3. IR-Vis SFG spectra in the C-H stretch region obtained upon annealing the Ir(111) 
surface exposed to different reactants’ partial pressures at 10-1 mbar. Data (grey dots) and the 
results of the least square fitting (black curves) are shown. Colored curves represent 
deconvoluted intensity modulations with respect to the non-resonant background. [Vis = 532 nm; 
p-p-p polarization]
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Fitting parameters of the IR-Vis Spectra (selected representative spectra). 
The best fitting parameters’ values obtained from the least-square analysis of the SFG 
data according to the function described in the text are reported in the following tables (Tables 
S1-S3). While phase and lifetime parameters were obtained from a global fit of the data and were 
therefore fixed for each data set, the remaining parameters were instead fitted separately for each 
curve, yielding, in the case of the analysis of the C-O region, error bars of  = 2 cm-1, 
(Ak/ANR)/ (Ak/ANR) = 5 %, and G = 2 cm-1 respectively. For the C-H region, ranges are given, 
the exact parameters’ values depending on the different reaction conditions. 
Experiment 
Figure-panel in 
Main Text 
Temperature 
(K) 
IR 
Resonance 
(cm-1) 
Res/NRes 
Signal ratio 
Lifetime 
(cm-1) 
Phase 
(°) 
Gaussian 
Broadening 
(cm-1) 
CO2 1-left 300 2080 26 6 32 4 
   2071 16 7 37 4 
  500 2060 27 6 32 5 
   2050 19 7 37 5 
  575 2026 26 24 32 - 
CO 1-right 300 2079 43 6 32 6 
  500 2064 49 6 32 6 
  575 2016 21 21 28 - 
Table S1. Best IR-Vis SFG fitting parameters’ values for CO2 and CO adsorption at 10-1 mbar on 
Ir(111), C-O stretching region. 
 
Experiment 
Figure-panel in 
Main Text 
Temperature 
(K) 
IR 
Resonance 
(cm-1) 
Res/NRes 
Signal 
ratio 
Lifetime 
(cm-1) 
Phase 
(°) 
Gaussian 
Broadening 
(cm-1) 
H2+CO 3-left 300 2083 53 6 32 4 
  450 2072 55 6 32 4 
  525 2033 13 6 32 6 
   2019 4.9 7 37 6 
H2+CO2+CO 3-center 300 2079 31 6 32 5 
   2069 12 7 37 5 
  450 2067 34 6 32 5 
   2054 11 7 37 5 
  500 2038 24 6 32 10 
   2016 4 7 37 10 
H2+ CO2 3-right 300 2077 30 6 32 4 
   2069 19 7 37 4 
  450 2039 32 6 32 7 
   2011 2.6 7 37 7 
Table S2. Best IR-Vis SFG fitting parameters’ values for the reduction experiments at 10-1 mbar 
on Ir(111), C-O stretching region. 
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IR Resonance Range 
(cm-1) 
Res/NRes 
Signal ratio 
Lifetime 
(cm-1) 
Phase Range 
(°) 
2845  3 0.0 - 1.1 16 185 
2904  3 0.0 - 4.6 11  3 357  18 
2976  6 0.0 - 9.6 33 265 
3000  9 0.0 - 7.1 18  6 240 
3035  6 0.0 - 3.3 16  7 68 
3078  10 0.0 - 10.5 31  6 107  18 
Table S3. Best IR-Vis SFG fitting parameters’ values (ranges, values depending on reaction 
conditions) for the reduction experiments at 10-1 mbar on Ir(111), C-H stretching region. 
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Ethylene adsorption and dissociation on Ir(111) monitored by IR-Vis SFG. 
 
Figure S4. IR-Vis SFG spectra in the C-H stretch region obtained upon annealing the Ir(111) 
surface after ethylene saturation at RT (left) and in constant ethylene background (right). Data 
(grey dots) and the results of the least square fitting (black curves) are shown. In selected cases, 
colored curves represent deconvoluted intensity modulations with respect to the non-resonant 
background. [Vis = 532 nm; p-p-p polarization] 
 
Upon exposure to ethylene of the Ir(111) surface, four main spectral features can be 
identified in the C-H stretch region at 2880  3, 2975  5, 3002  2, and 3023  3 cm-1. This 
chemical treatment is widely used to grow a well ordered, almost free standing, graphene sheet 
Page 37 of 75 Physical Chemistry Chemical Physics
S9 
 
on this surface under UHV conditions. According to the literature,4 on the basis of high-energy 
resolution XPS data, the main intermediate present on the surface in the RT - 400 K temperature 
interval can be identified with ethylidyne (CCH3), while at higher temperature two non-
equivalent ethynyl species (CCH) are reported to be present up to the complete dehydrogenation 
of the layer occurring at about 700 K, yielding formation of carbon and progressive networking 
to form graphene. In HREELS spectra a broad feature in the 2940-2960 cm-1 range is obtained 
upon adsorption and decomposition of ethylene or acetylene on Ir(111) and is ascribed to the 
asymmetric stretching mode of the methyl group of an ethylidyne intermediate.5 On Pt(111) the 
same mode is observed at 2939 cm-1.6 Analogously, on platinum and palladium single crystal 
terminations the symmetric mode of ethylidyne is observed (by means of SFG, FT-IRAS, and 
RAIRS) in the 2870-2890 cm-1 range.6–10 
On the basis of these data, we conclude that the two low energy features that we observe 
below 400 K (red curves) can be ascribed to the symmetric ( = 2880  3 cm-1,  = 355  5°) 
and antisymmetric ( = 2975  5 cm-1,  = 155  20°) stretching modes of the methyl groups 
of adsorbed ethylidyne, respectively. The other two features at higher energy (blue curves;  = 
3002  2 cm-1,  = 330  5°;  = 3023  3 cm-1,  = 340  10°) are instead due to the 
stretching of non-equivalent ethynyl species, according to the photoelectron spectroscopy 
assignment,4 and on the basis of the vibrational fingerprint of ethynyl intermediates previously 
observed on Ir(111) and Pt(111) surfaces.5,6 It is also to be noted that a broad feature (right panel, 
not fitted) develops progressively at the high energy side of the spectrum with increasing 
temperature, appearing as a depression in the spectra and shifting from 3040 to 3080 cm-1 while 
heating. This pattern is present up to 700 K (not shown), when complete dehydrogenation of the 
surface occurs and, as reported in the literature, dome-shaped carbon nanoislands develop as 
intermediates between carbidic clusters and quasi-free standing graphene.11 
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Stable hydrocarbon surface species in the carbon dioxide hydrogenation reaction on Ir(111) were 
identified by means of infrared-visible sum-frequency generation vibrational spectroscopy and 
X-ray photoelectron spectroscopy at near-ambient pressure conditions (0.1 mbar). Introducing 
gas phase binary and ternary mixtures of CO2, CO, and H2 into the reaction chamber, stable 
ethylidyne and ethynyl species were found at the metal surface above 425 K, in remarkable 
analogy with what observed during the ethylene decomposition process yielding graphene. In 
addition, for increasing temperature (up to 600 K depending on the reaction conditions), 
vibrational and electronic spectroscopic fingerprints appeared that could be attributed to the 
nucleation of aromatic hydrocarbons at the edge of metastable graphenic clusters interacting with 
the metal surface. 
1 Introduction 
The catalytic reduction of carbon dioxide to generate useful chemicals like e.g. methanol, urea, 
formic acid, and dimethylcarbonate is a possible route to handle and recycle at least a part of this 
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waste gas, in order to deal with greenhouse emissions produced by the massive use of fossil 
fuels.1–4 Many approaches are investigated, involving both homo- and hetero-geneous catalytic 
environments, electro-catalytic systems, and solar energy harvesting devices, with a particular 
effort in the quest for catalysts able to mimic the photosynthetic organic synthesis processes 
driven in nature by visible light.2,5 In particular, Ir has recently been considered for the catalytic 
hydrogenation of carbon dioxide in pincer complexes in aqueous solutions, yielding 
unprecedented turnover numbers towards the synthesis of formic acid via a formate surface 
species.3 Moving to model systems and to atomic-level insight, the Ir(111) termination has been 
largely investigated in Ultra-High Vacuum (UHV) due to its catalytic activity towards the 
sequential dehydrogenation of hydrocarbons, with particular focus on acetylene and ethylene.6–9 
A progressive carbon networking process occurs, yielding the formation of a well-ordered, 
almost perfect and free-standing graphene sheet.10–12 Stable surface species in the hydrocarbon 
dehydrogenation process have been identified with both vibrational and electronic spectroscopies 
under UHV conditions, depending on the reaction temperature. In particular, for increasing 
temperature, ethylidene (CHCH3), ethylidyne (CCH3), and ethynyl (CCH) species have been 
observed, the latter being stable up to the complete dehydrogenation of the surface, occurring 
above 700 K.6–9 Analogously, formate, methoxy, and acetate stable surface species are detected 
upon ethanol and methanol thermal decomposition.13,14 In this framework, however, insight at 
reaction conditions closer to ambient pressure is still lacking due to the well-known instrumental 
pressure gap. In addition, almost no information is available about the interaction of carbon 
dioxide with Ir due to the low molecule-Ir interaction energy,4 at variance with other metals like 
Ni that can activate CO2 through a consistent charge transfer.15,16 Recent studies on the Ni(110) 
surface under near-ambient pressure (NAP) reaction conditions have unveiled important 
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mechanisms involved in the carbon dioxide reduction process, yielding insight into the role of 
the surface oxidation state and of graphene and carbide domains.17 When reacting with hydrogen, 
CO2 is found to convert to a stable bi-dentate formate species,4,18 while other more energetically 
convenient pathways involve an unstable hydrocarboxyl intermediate.19 To our knowledge, there 
is no analogous data available about the carbon dioxide activation and reduction process on 
iridium surfaces, aiming at identifying stable intermediates and possible reaction pathways, 
either under UHV or at pressures closer to applicative conditions.4 On the (110) termination of 
iridium, CO2 is indeed only weekly bound in a physisorbed state in UHV and readily desorbs 
when produced by the reaction of carbon monoxide with pre-adsorbed oxygen.4,20 Motivated by 
the above considerations, we present here the results obtained at 10-1 mbar by coupling Near-
Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS) with the powerful approach of 
Infrared-Visible Sum-Frequency Generation (IR-Vis SFG) vibrational spectroscopy. The latter 
technique is indeed intrinsically sensitive to interfaces and allows bridging the pressure gap 
issues, thus providing insight into the catalyst’s surface during the reaction with the gas 
phase.21,22 Data were collected with the aim of investigating the interaction of carbon monoxide, 
carbon dioxide, and hydrogen with the Ir(111) single crystal termination as a function of 
temperature in situ and in operando conditions. Repeated measurements were performed, 
starting each time from a clean Ir surface, in order to ensure reproducibility. Thanks to a 
comparison of the spectroscopic results with previous literature data, we are able to identify 
stable hydrocarbon species, remarkably including the ethylidene and ethynyl molecules also 
present during the acetylene and ethylene dehydrogenation processes. 
 
2 Methods 
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2.1 SFG Experiments. 
A novel experimental setup to study catalytically active heterogeneous phases in situ and in 
operando, exploiting IR-Vis SFG,23 has been commissioned at the Physics Department of the 
University of Trieste. An UHV preparation chamber (base pressure 510-11 mbar) equipped with 
standard sample preparation and characterization instruments (sample fast entry-lock, ion gun, 
LEED optics, gas line, evaporator, and quartz micro-balance for the deposition of molecules, 
metallic clusters, and thin film growth) is directly connected to a high-pressure cell, where the 
sample can be transferred without breaking the vacuum. The sample is held by Ta wires and can 
be resistively heated up to 1300 K in vacuum and up to 800 K in the reactor (K-type 
thermocouple). The reactor is equipped with a gas handling system in order to control the 
pressure of the reactants within the 10-10-10+3 mbar range. The inlet of the infrared and visible 
beams, as well as the outlet of the SFG signal, is provided by UHV-compatible BaF2 windows. 
The excitation source of the SFG spectrometer (EKSPLA PL2231) consists in a Nd:YAG, diode 
pumped picosecond IR laser ( = 1064 nm, Emax/pulse = 25 mJ, repetition rate 50 Hz, pulse 
duration ~30 ps). The radiation enters a harmonics unit where two visible beams (532 nm) are 
generated (EKSPLA H500 SFG) by means of non-linear crystals (KD2PO4). One of the two 
beams is then mixed with the remaining fraction of the original IR beam in the parametric 
generator and difference frequency generator unit (EKSPLA PG501/DFG1P, BBO and AgGaS2 
crystals) to yield the tunable IR radiation in the 1000-4500 cm-1 range with a spectral width 
better than 6 cm-1. The whole tunable IR laser beam path length is pressurized with N2 in order to 
avoid air absorption. The second visible (532 nm) beam is instead directly delivered to the 
sample surface. The maximum achievable power at the sample is about 30 and 7 MW for the 
visible and IR beams (pulse energies of about 1 mJ and 200 J, respectively). Both incident 
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beams are linearly polarized (s or p) with 100:1 purity. Moreover, the polarization of the SFG 
beam can be selected before entering the monochromator (MS2001) and photomultiplier tube 
(Hamamatsu R7899) detection system. Both data acquisition and instrument control are 
performed remotely via software interfaces mainly developed in house. In the present study all 
spectra were collected in the p-p-p polarization configuration (SFG-visible-infrared), at 
incidence angles of 55° (IR) and 60° (Vis) from the normal to the surface. The dependence of the 
SFG signal on the azimuthal angle of the Ir(111) surface was not investigated.  
The sample was an 8 mm diameter Ir disc (MaTecK GmbH) of 99.99% purity, with <0.1° 
orientation accuracy and <0.03 m roughness. For each experiment, the Ir(111) surface was 
cleaned by standard cycles of Ar+ sputtering and annealing in UHV, alternated to oxidation 
cycles (p = 10-7 mbar) to remove residual carbon. Surface order was finally checked by LEED, 
yielding a sharp (11) pattern with extremely low background. SFG spectra acquisition time was 
about 5 min for the C-O and about 45 min for the C-H stretching regions. High-purity reaction 
gases (3.0 CO, 4.8 CO2, 5.5 H2) where injected into the measurement cell through leak valves 
from aluminum bottles. The background residual pressure was in the low 10-10 mbar range. 
2.2 Analysis and interpretation of SFG data. 
After normalization to the impinging visible and IR intensities, and to the non-resonant 
background in order to account for sample alignment issues, SFG spectra were analyzed by least-
square fitting methods according to the following widely used parametric, effective expression of 
the non-linear second order susceptibility,24–27 explicitly accounting for the IR resonances of the 
IR-Vis transitions and for the non-resonant background: 
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 (Eq.1) 
In this expression ANRes and Ak are therefore real positive numbers and account for the 
amplitudes of the non-resonant and kth-resonant contributions, respectively, k=k-NR is the 
phase difference between the kth-resonance and the non-resonant background, k is the energy of 
the kth-resonance, and k its Lorentzian broadening related to the resonance lifetime. In order to 
account for inhomogeneity broadening, in specific cases the resonant part of the lineshape was 
convoluted with a Gaussian envelope.28–30 According to previous literature, the Gaussian 
contribution to the lineshape is easily resolved only if it is comparable with the Lorentzian width. 
In the specific cases where the latter is predominant, the inhomogeneity contribution is hardly 
obtained from the fitting procedure and can be neglected to a good approximation.29 A very 
detailed and careful analysis of the complex IR-Vis spectra in the C-H region was performed in 
order to obtain a reliable separation of the different contributions originating from adsorbed 
species. This was achieved by identifying a unique set of lineshape parameters that allowed 
optimal fitting of the whole data set. For each SFG spectrum throughout the manuscript we plot 
the normalized SFG intensity (dots) together with the corresponding best fit (grey lines) 
according to the above intensity function (Eq. 1), and with the corresponding intensity 
deconvolution (colors) accounting for the interference of each of the resonances with the non-
resonant background. A very detailed description of the SFG data analysis and of the plotted 
quantities can be found in the Supplementary Information, together with a complete set of best 
fitting parameters of the full SFG data set. 
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2.3 NAP-XPS Experiments. 
NAP (mbar range) XPS measurements were carried out at the ISISS end-station of the Bessy 
synchrotron radiation facility at the Helmholtz Zentrum Berlin (Germany).31 The same Ir(111) 
single crystal used in the SFG experiments was mounted on a sapphire holder by means of Ta 
supports and screws. Temperature was measured with a K-type thermocouple, and the sample 
was heated by laser irradiation of its unpolished back face. After each reactivity experiment, the 
Ir(111) surface was cleaned by standard cycles of ion sputtering (2.5 keV, Ar+) and annealing in 
high vacuum to 750°C, the highest attainable temperature on the sample holder. Absence of 
contaminants was verified by measuring both selected XPS regions (e.g. C 1s, O 1s) and 
overview spectra. The flux and pressure of the gases introduced into the reaction cell were 
handled by means of mass-flow controllers and a motorized valve. The effective partial pressure 
of the reactants in the measurement chamber may have differed with respect to the nominal 
values due to the different pumping speeds of different molecules. The ratios we report are 
therefore target set point values only. Gas purity (always better than 3.0) was checked and 
monitored using a quadrupole mass spectrometer. The residual background pressure in the 
measurement chamber was in the 10-7 mbar range. Adsorption of the single reactants on the clean 
Ir(111) surface was performed to exclude effects due to residual contaminants. Absence of the 
latter was confirmed by means of XPS. NAP-XPS spectra were collected in normal emission 
geometry and binding energies were calibrated with respect to the Fermi level for each oxygen 
(h = 650 eV) and carbon (h = 400 eV) core level spectrum, yielding an accuracy in the 
determination of the binding energy values of 0.1 eV. After normalization and subtraction of a 
Shirley background,32 spectra were analyzed by least-square fitting of the data with Doniach-
Šunjić profiles,33 convoluted with a Gaussian envelope to account for experimental resolution, 
Page 47 of 75 Physical Chemistry Chemical Physics
 8 
inhomogeneity and thermal broadening. A very detailed and careful analysis of the C and O 1s 
core level spectra was performed in order to disentangle the contributions originating from 
different species. This was achieved by identifying a single set of lineshape parameters that 
allowed optimal fitting of all the C or O 1s spectra. Within this set, in order to reduce the number 
of degrees of freedom, identical lineshapes were used for groups of similar species. In particular, 
C 1s spectra were fitted with distinct lineshapes for CO, and for C-C and C-H species. The 
resulting binding energy values were assigned on the basis of literature data as reported in the 
text. 
3 Results and discussion 
3.1 CO2 and CO adsorption. 
In order to identify the spectroscopic features related to carbon dioxide adsorption and 
dissociation, the Ir(111) surface was exposed to 10-1 mbar CO2. In Figure 1 (left panel), IR-Vis 
SFG spectra of the C-O stretching region collected at selected temperature values are shown. 
Two distinct features are clearly visible, shifting with temperature from 2080 to 2060 cm-1 and 
from 2070 to 2050 cm-1. The data fitting procedure yields constant phases relative to the non-
resonant background of 32° and 37°, respectively. At the highest investigated temperature (575 
K), only one feature is present at low energy (2024 cm-1). Details about the SFG fitting 
parameters of the whole data set can be found in the Supplementary Information (Tables S1-3). 
In Figure 1 (right panel) we report for comparison also the data obtained upon exposure of the 
surface to CO under the same experimental conditions. Only one feature is visible in the IR-Vis 
SFG spectra, shifting progressively for increasing temperature from 2079 to 2063 cm-1 and with 
the same lineshape of the corresponding peak (light green) in the carbon dioxide experiment. The 
Gaussian broadening is larger with respect to the CO2 case, reaching values up to 7.7 cm-1. As for 
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CO2, also in this case a single, broader feature is found at 575 K, at slightly lower energy (2016 
cm-1). We remind that due to the physical origin of the SFG signal, intensities are not necessarily 
related to surface concentration of the adspecies. Therefore, no conclusions about the surface 
coverage can be drawn. 
 On the basis of literature data, it is known that CO adsorption on Ir(111) is non-
dissociative at room temperature, yielding a saturation coverage of 0.7 ML (monolayer) with CO 
molecules adsorbed at on-top Ir sites in a (3333)R30°-19CO structure. The geometric 
arrangement of the adsorbed CO molecules is best described within the framework of a Frenkel-
Kontorova model, yielding a progressive deviation of the C-O molecular axis from the surface 
normal with the distance from the center of the CO islands.34,35 For instance, this nicely accounts 
for the inhomogeneous broadening observed in our IR-Vis SFG spectra. We further confirm this 
picture by means of NAP-XPS O and C 1s core level spectra collected at 375 K (Figure 2, top 
panels): apart from small amounts of carbon phases (284 eV) and atomic oxygen (529.9 eV) 
most likely due to dissociation at surface defects, a single CO species can be observed, yielding 
spectroscopic peaks at 532.0 and 286.1 eV for the O and C 1s core levels, respectively, 
corresponding to on-top adsorption, in agreement with the literature.34 
In the case of dissociative adsorption of CO2, the core level binding energies associated to 
CO (Figure 2, bottom panel) show a consistent shift to 530.9 eV (O 1s) and 286.9 eV (C 1s), 
while an intense feature associated to atomic oxygen appears (529.6 eV, cyan). Complete 
dissociation is possible, evident from the accumulation of carbon (283.9 eV, red). The reaction 
CO2CO+OC+2O is in agreement with the literature, since carbon monoxide decomposition 
on Ir(111) is promoted by co-adsorbed oxygen.36 Above 600 K (not shown), the Ir surface 
remains oxygen-covered since CO desorbs, while carbon is oxidized and therefore removed. 
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Only a single sharp peak remains visible at 529.9 eV and no feature is detected in the C 1s 
region. In the vibrational spectra, besides the main C-O stretching peak, a low energy shoulder 
appears (Figure 1, left panel, dark green). We therefore ascribe the two contributions to CO in 
on-top configuration (2080-2060 cm-1) and to CO in a modified terminal Ir site close to adsorbed 
atomic oxygen (2070-2050 cm-1), respectively.35 
 
3.2 CO2 reduction. 
The Ir(111) sample was exposed to different reactants mixtures to investigate both the carbon 
dioxide hydrogenation process and the role of carbon monoxide at a total pressure of 10-1 mbar. 
In Figure 3, IR-Vis SFG spectra in the C-O stretching region are reported for selected relative 
concentrations of the reactants, going from a pure CO/H2 (left) to a pure CO2/H2 (right) 
environment. The spectra reveal the presence of CO adsorbed in on-top configuration, with a 
desorption temperature that is progressively decreasing when raising the CO2 partial pressure. 
For a pure CO/H2 mixture a single feature dominates (light green, left), while a lower energy 
shoulder (dark green) appears at high temperature in analogy to the pure CO2 case. When adding 
CO2, instead, the peak at low energy is already present at room temperature, indicating an 
influence of co-adsorbates on adsorbed CO. 
Moving to the C-H stretching modes (Figure 4), an interesting set of vibrational features 
appears, indicating the presence of stable adsorbed hydrocarbon species. For the sake of 
completeness, a broader range of CO2/CO/H2 concentration ratios has been investigated (not 
shown), providing no significant additional insight. The full set of IR-Vis SFG data in the C-H 
stretching region and the details about the fitting parameters are reported in the Supplementary 
Information. The data shown in the figure immediately indicate that, when carbon monoxide is 
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present in the gas mixture of the reactants, hydrocarbon surface species develop at higher 
temperature. At the lowest investigated H2/CO2 ratio (H2/CO2 = 3, not shown), C-H bonds can be 
detected already at 425 K. Deeper insight can be obtained by least-square fitting of the data, as 
discussed in the following. Starting from the low energy side of the spectra, a feature with very 
low intensity (yellow) can be identified at 2845 cm-1 with a phase of 185°. A more intense peak 
(dark red) is present at 2904 cm-1 (phase -20°/+15°), showing a precise trend as a function of 
temperature and carbon dioxide concentration: its intensity is indeed higher at low temperature 
and for high carbon dioxide partial pressures. A very intense and broad feature develops at 2976 
cm-1 (light red, phase 265°) and other three peaks (different blue grades) appear at 3000, 3035, 
and 3078 cm-1 (phases 240°, 68°, and 107°, respectively). We observe that at first glance a single 
resonance in phase-quadrature with respect to the non-resonant background, i.e. with a dispersive 
Fano-like lineshape, may already correctly reproduce the experimental data, instead of the two 
peaks at 3000 and 3035 cm-1 (cyan and light blue in Figure 4), in analogy to the case of the 
feature at 2904 cm-1 (dark red). However, this is not adequate, yielding only poor chi-values and 
structured residuals in the least-square fitting analysis. A thorough discussion of this issue is 
presented in the Supplementary Information. At variance with the C-O modes, we do not observe 
a significant shift of the resonances as a function of the surface temperature. Interestingly, the 
intensity of the feature at 3078 cm-1 grows with temperature at the expense of the intensity of the 
peak at 3035 cm-1. 
NAP-XPS core level spectra collected under the same reaction conditions in the O 1s 
region (not shown) reveal only the presence of adsorbed carbon monoxide, depending on the 
reaction temperature, while other oxygen-containing species, including atomic oxygen, if 
present, are below the detection limit. Instead, several spectral contributions appear in the C 1s 
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region (Figure 5). In addition to the peak assigned to carbon monoxide (286.1 eV, green), other 
peaks appear at lower binding energy, specifically at 283.0, 283.4, 283.9, 284.3, and 284.7 eV. 
Interestingly and in agreement with what observed with IR-Vis SFG, there is a site competition 
effect, so that the higher the CO coverage (bottom left part of the graph), the lower the intensities 
of these contributions, apart from the spectrum at 600 K in pure CO2/H2 (top right) where almost 
no carbon signal is present. 
3.3 Identification of stable surface species. 
For clarity, the energy positions of the resolved spectroscopic features are reported in Tables 1 
and 2 for the vibrational and electronic probes, respectively, together with reference literature 
data supporting the assignments discussed in the following. The identification of carbon 
monoxide, originated by both adsorption from the gas phase and/or from the dissociation of 
carbon dioxide, depending on the reaction conditions, is straightforward when comparing 
vibrational (peaks at 2013-2083 cm-1) and electronic (peak at 286.1 eV) spectroscopy data with 
previous literature (Tables 1 and 2, respectively) and with our benchmark experiments (Figures 1 
and 2). 
Instead, much more effort is needed to interpret and assign the remaining spectroscopic 
fingerprints. We start from the vibrational features at 2904 and 2976 cm-1 (red peaks in Figure 4). 
On the basis of previous literature data on palladium,37 iridium,7 and platinum surfaces,38,39 the 
two resonances may be associated with the symmetric and asymmetric stretching modes of the 
methyl groups of ethylidyne (CCH3). Indeed, also in the XPS C 1s core level spectra the triplet at 
283.4, 283.9, and 284.3 eV (Figure 5, red-yellow) well compares with literature data of 
ethylidyne on Ir(111) obtained from the thermal decomposition of ethylene.9 The former two 
peaks are attributed to the two non-equivalent carbon atoms of the molecule, which is bonded to 
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the surface in upright position through the dehydrogenated termination, while the latter C 1s 
peak is ascribed to the vibrational excitation of the methyl group. To obtain an independent proof 
of this interpretation, we studied by means of IR-Vis SFG spectroscopy the ethylene dissociation 
process. In UHV and at temperatures between 300 and 450 K, only two features are clearly 
visible in the C-H stretching region at 2880 and 2975 cm-1, where, as known from the literature,9 
only ethylidyne is present as a product of the stepwise decomposition of ethylene into ethylidene, 
ethylidyne, and finally ethynyl species. This further supports our interpretation. By directly 
comparing the CO2+CO+H2 reaction data with the ethylene decomposition experiments on 
Ir(111) and on the basis of SFG and Fourier Transform Infra-Red (FTIR) measurements on a 
Pt(111) surface,40,41 the small peak that we observe at 2845 cm-1 (Figure 4, yellow) may be 
ascribed to the asymmetric CH3 bend in Fermi resonance with the symmetric C-H stretch.41 We 
also observe that if the C-CH3 bond were perpendicular to the surface, the asymmetric stretch 
mode would not be visible. This accounts for the poor intensity observed in the spectra obtained 
upon decomposition of the ethylene layer at variance with the case of the CO2+CO+H2 reaction. 
The intense contribution of this mode to the IR-Vis SFG spectra of the reaction is therefore 
associated with a deviation of the molecular axis from the upright position due to co-adsorption 
effects. An alternative, but less supported interpretation of the SFG peak at 2845 cm-1 is to assign 
it to other unsaturated carbon species, namely CHx, in association with the spectroscopic feature 
at 283.0 eV in the C 1s spectra.13 
 Upon annealing of an ethylidyne layer on Ir(111) above 400 K, dehydrogenation occurs, 
yielding formation of two non-equivalent ethynyl (CCH) species contributing at 3002 and 3023 
cm-1 in the vibrational spectra and showing peaks at 283.25 and 283.56 eV in the C 1s core level 
spectra.9 We therefore attribute to these species the peaks showing up in the reduction 
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experiments at 3000 and 3035 cm-1 (Figure 4, light and intermediate blue). This agrees with the 
necessity of introducing into the fit procedure two resonances with almost opposite phase, rather 
than a single dispersive resonance. The phase difference suggests two distinct non-equivalent 
adsorption geometries for the molecule. Concerning the XPS spectra instead (Figure 5), ethynyl 
is expected to contribute to the peak at 283.4 eV and is therefore not distinctly resolved in this 
case. 
Finally, with increasing temperature and carbon dioxide concentration (Figure 4, dark 
blue), a broad feature appears as a depression at 3078 cm-1 and is associated with the contribution 
at 284.7 eV (Figure 5, dark blue) in the C 1s core level spectra. While the latter is ascribed to the 
nucleation of carbide and graphene clusters strongly interacting with the metal surface,12,42 the 
vibrational feature, typical of a C-H stretching mode, appears at an energy that is characteristic 
of aromatic hydrocarbon species.43 This is compatible with the progressive formation of carbon 
links, i.e. the initial step of a graphene networking process assisted by hydrogen at the periphery 
of the nucleation islands in agreement with the literature.44 Further dehydrogenation would 
therefore yield to the formation of graphenic domes and nucleation islands.12 However, for the 
highest studied temperature (600 K) and in absence of carbon monoxide, the high partial 
pressure of hydrogen in the reaction environment leads to the almost complete reduction and 
removal of surface carbon (upper right spectrum in Figure 5). 
The above findings put in light two significant results. It is indeed observed that stable 
ethylidyne species can be obtained by a catalytic hydrogenation process at the Ir surface, thus 
obtaining the same precursor to graphene growth that is generally formed upon thermal 
decomposition of ethylene adsorbed from the gas phase under UHV conditions. Secondly, the 
consequent growth of graphene is found to occur via a carbon networking process related with a 
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progressive formation and dehydrogenation of aromatic species, possibly at the border of the 
graphene domes. Our work represents therefore a possible spectroscopic evidence and 
confirmation for what was very recently observed by means of microscopy experiments on both 
Ir and Ni single crystal surfaces when growing graphene from thermal decomposition of 
hydrocarbons.44,45 An important role in the whole reaction mechanism is most likely played by 
surface and/or subsurface atomic hydrogen species,46 obtained upon dissociation of gas phase 
molecular hydrogen from the reactants’ background. Our methods did not allow the detection of 
these species, but, on the basis of literature data obtained under UHV conditions,47 it is known 
that atomic hydrogen is still present on the surface up to 450 K on Ir(111). By means of a cartoon 
representation, we summarize for the sake of clarity in Figure 6 the adsorbed chemical species 
that we were able to identify at the Ir(111) surface. 
 
 
 
4 Conclusions 
In conclusion, stable hydrocarbon surface species in the carbon dioxide hydrogenation 
reaction on Ir(111) were identified by means of infrared-visible sum-frequency generation 
vibrational spectroscopy and X-ray photoelectron spectroscopy at near-ambient pressure 
conditions. Ethylidyne and ethynyl species were found at the metal surface above 425 K, in 
interesting analogy with the ethylene decomposition process yielding graphene. In addition, for 
increasing temperature (up to 600 K depending on the reaction conditions), vibrational and 
electronic spectroscopic fingerprints appeared that could be attributed to the nucleation of 
aromatic hydrocarbons at the periphery of graphenic metastable clusters interacting with the 
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surface. This provides insight into the graphene growth process that takes place by the 
progressive extension of graphene islands by means of intermediate aromatic terminations at low 
temperature. 
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Figures and Tables Captions 
Table 1 Energies (cm-1) of the observed vibrational modes, comparison with the literature, and 
proposed identification of the stable species. 
Table 2 C 1s core level binding energies (eV), comparison with the literature, and proposed 
identification of the stable species. 
Fig. 1 IR-Vis SFG spectra of Ir(111) in the C-O stretching region collected in situ upon exposure 
of the clean surface to 10-1 mbar CO (right panel) and CO2 (left panel) at selected temperature 
steps, increasing bottom to top; data (black dots) and the results of the least square fitting (grey 
curves) are shown; color-filled curves represent deconvoluted intensity modulations with respect 
to the non-resonant background. [Vis = 532 nm; p-p-p polarization] 
Fig. 2 NAP-XPS O (left) and C 1s (right) core level spectra of Ir(111) collected in situ upon 
exposure of the clean surface to 10-1 mbar CO (upper panels) and CO2 (bottom panels) at 375 K. 
The deconvolution (color) of the data (black dots) obtained by means of least square fitting (grey 
curves) is also shown. [h = 650 (400) eV for oxygen (carbon)] 
Fig. 3 IR-Vis SFG spectra of Ir(111) in the C-O stretching region collected in situ and in 
operando during the hydrogen reduction of CO (left panel), CO2 (right panel), and of a mixture 
of the two (central panel) at a total pressure of 10-1 mbar and for progressively increasing 
temperature (bottom to top); data (black dots) and the results of the least square fitting (grey 
curves) are shown; color-filled curves represent deconvoluted intensity modulations with respect 
to the non-resonant background. [Vis = 532 nm; p-p-p polarization] 
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Fig. 4 IR-Vis SFG spectra of Ir(111) in the C-H stretching region collected in situ and in 
operando during the hydrogen reduction of CO (left panel), CO2 (right panel), and of a mixture 
of the two (central panel) at a total pressure of 10-1 mbar and for progressively increasing 
temperature (from bottom to top); data (black dots) and the results of the least square fitting 
(grey curves) are shown; color-filled curves represent deconvoluted intensity modulations with 
respect to the non-resonant background. [Vis = 532 nm; p-p-p polarization] 
Fig. 5 NAP-XPS C 1s core level spectra of Ir(111) during the hydrogen reduction of CO (left 
panel), CO2 (right panel), and of a mixture of the two (central panel) at a total pressure of 10-1 
mbar and for progressively increasing temperature (from bottom to top). The deconvolution 
(color) of the data (black dots) obtained by means of least square fitting (grey curves) is also 
shown. [h =400 eV] 
Fig. 6 Cartoon summary of the stable adsorbed species identified at the Ir(111) surface upon 
hydrogenation of CO and CO2 at NAP conditions.  
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Table 1. 
This work Mode Species Reference 
2013-2083 C-O stretch CO (on-top) 2030-209035 Ir 
2845 Fermi res. Ethylidyne (CCH3) 2795,285740,41 Pt 
2904 
CH3 symm. 
stretch 
Ethylidyne (CCH3) 
2870-289037,38 
2880* 
Pd,Pt 
Ir 
2976 
CH3 asymm. 
stretch 
Ethylidyne (CCH3) 
2940-29607,39 
2975* 
Ir,Pt 
3000,3035 CH stretch Ethynyl (CCH) 
3010-30407,39,48 
3002,3023* 
Ir,Pt 
3078 CH stretch 
Aromatic 
hydrocarbon 
305743 Ir 
*This work, from ethylene dissociation: see Supplementary Information for 
details 
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Table2. 
This work Species Reference 
283.0 Methylidyne (CH) 283.213 
283.4 Ethylidyne (CCH3) 283.539 
 Ethynyl (CCH) 283.25-283.569 
283.9 Ethylidyne (CCH3) 283.939 
 Surface carbon 283.779 
284.3 Ethylidyne (CCH3) – vib. exc. 284.329 
284.7 Graphene interacting with Ir 284.642 
 
C atoms at the periphery of 
graphenic clusters 
284.912 
286.1 CO 286.2-286.314,34 
All literature data refer to the Ir(111) surface 
 
  
Page 62 of 75Physical Chemistry Chemical Physics
 23 
Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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